Abstract | In 1924, Spemann and Mangold demonstrated the induction of Siamese twins in transplantation experiments with salamander eggs. Recent work in amphibian embryos has followed their lead and uncovered that cells in signalling centres that are located at the dorsal and ventral poles of the gastrula embryo communicate with each other through a network of secreted growth-factor antagonists, a protease that degrades them, a protease inhibitor and bonemorphogenic-protein signals.
When an embryo is cut in half, it can self-regulate to regenerate the missing part (FIG. 1) . The field of experimental embryology originated in 1883 when Roux killed one of two cells in a frog embryo with a hot needle and found that the rest gave rise to only part of the embryo, usually a right or a left half 1 (TIMELINE). However, in 1891, Driesch separated the two first blastomeres of the sea urchin embryo and found that each was able to self-regulate and give rise to complete, although smaller, embryos 1 . In 1895, Thomas Hunt Morgan -who before becoming a geneticist was an experimental embryologist -repeated Roux's experiment and showed that if one of the two blastomeres is gently pipetted out of a frog embryo (instead of killing it and leaving it in place), amphibians too could self-regulate and give rise to a complete embryo from half an egg 2 . In 1903, Hans Spemann used a baby-hair loop (from his own daughter) to subdivide the cleaving amphibian (salamander) egg into two halves. If the half-embryo contained part of the future blastopore dorsal lip (the region where involution of the mesoderm starts), it formed a perfectly wellproportioned tadpole 1 (FIG. 1) . In 1918, the great American embryologist Ross Harrison carried out another remarkable experiment: if the forelimb field in the mesoderm of a salamander embryo was cut in half and transplanted into the flank of a host embryo, each half could induce the formation of a complete limb, not just half a limb 3 . The part of the embryo where this phenomenon takes place was called the 'self-differentiating morphogenetic field' .
Self-regulation, as defined by these early experimental embryologists, is one of the most interesting and mysterious properties of embryos. What are the molecular mechanisms that explain the intrinsic tendency of the embryo to regulate towards the whole? Here, I recount the story of the birth, decline and revival of amphibian experimental embryology, and how recent studies have uncovered a molecular pathway of interacting extracellular proteins that explains how embryonic self-regulation works. This short review focuses on the advances made in amphibians, although great strides have also been made in other model systems, such as the fruitfly (Drosophila melanogaster), chick (Gallus gallus) and zebrafish (Danio rerio), as detailed elsewhere 4 . Rather than providing a comprehensive overview of the entire field of early development, this short timeline presents a personal account of the status of experimental embryology, a field that a century ago was at the very front of biological research.
Gene-fishing in Spemann's organizer The starting point for understanding selfregulation was provided by the most famous experiment in embryology, the SpemannMangold organizer (hereafter referred to as Spemann's organizer) graft with salamander eggs 5
. This experiment established the present view that animal development results from a succession of cell-cell inductions in which groups of cells, or organizing centres, signal the differentiation of their neighbours. The dorsal-lip graft induced neighbouring cells to adopt the normal pattern of tissue types, so that a Siamese twin was formed. In 1988, a memoir recounting the heyday of experimental embryology in the Spemann laboratory was published by Viktor Hamburger 6 . At least in my case, the modern revival of studies into Spemann's organizer can be traced to this little book, which retold the excitement of discovering the inductive powers of the organizer. Hamburger was 88 years old at the time -clearly, it is never too late to impact the scientific thinking of others.
In our own laboratory, studies on Spemann's organizer were approached by cloning its molecular components: cDNA libraries were generated from manually dissected dorsal blastopore lips from the African clawed frog (Xenopus laevis), which were first screened for homeobox sequences. Homeobox genes encode DNA-binding proteins that are involved in the control of development in fruitflies, and we had discovered years earlier that vertebrates, namely the African clawed frog, contained homeobox genes of the Hox type 7 . In 1991, our team succeeded in isolating a homeobox gene, goosecoid (Gsc), that was specifically expressed in Spemann's organizer 8 . The first in situ hybridizations of Gsc mRNA, constituted a truly memorable event, because Gsc mRNA demarcated, very specifically, tissue belonging to Spemann's organizer. Since its discovery almost three-quarters of a century earlier, the existence of Spemann's organizer had been deduced from its inductive effects after transplantation, but the expression pattern of Gsc now allowed us to visualize, for the first time, that the Spemann's organizer existed as a distinct molecular entity 8 . A few months later, the groups of Igor Dawid and Milan Jamrich reported that genes encoding two other transcription factors, Xlim1 and Xfkh1/Hnf3β, were also expressed in the organizer region of the African clawed frog 9, 10 . Importantly, microinjection of Gsc mRNA into ventral cells caused the formation of twinned axes, which indicated that the Gsc gene was part of the molecular machinery that leads to the activity of Spemann's organizer 8 . Because Gsc encodes a DNA-binding protein, we proposed that it might, in turn, activate the expression of secreted signalling proteins that execute the cell-differentiation changes in neighbouring cells. In time this was, in fact, found to be the case 11, 12 . The Gsc gene was subsequently isolated in many other species, and became a widely used marker for comparative studies of gastrulation 13 . In 1992, Richard Harland reported the isolation of the first secreted protein that was expressed in Spemann's organizer 14 . He and his colleagues used a different method -the functional screening for molecules that changed embryonic development after overexpression. In this expression-cloning procedure, pools of cDNAs were grown, transcribed in vitro with bacteriophage SP6 Figure 1 | Embryonic self-regulation. The entire early embryo constitutes a self-differentiating morphogenetic field, in which cells communicate with each other over great distances. This is demonstrated by experiments such as the one shown here, in which an African clawed frog (Xenopus laevis) embryo was cut into two halves at the blastula stage. If it is ensured that both halves contain part of the dorsal organizer region, two perfect identical twins are obtained (an intact sibling is shown at the top of the figure). In humans, identical twins are found in 3 out of 1,000 live births, and arise most frequently by the spontaneous separation of the inner cell mass of the mammalian blastula into two, followed by self-regulation
60
. The ultimate example of self-regulation is provided by another mammal, the nine-banded armadillo, in which every blastocyst gives rise to four genetically identical siblings 50 . Note that each twin is longer than just half the length of the intact sibling, which represents yet another effort to regulate towards the normal pattern. Both half-embryos shown here are derived from the same blastula. RNA polymerase and microinjected into African clawed frog embryos. Those with biological activity were then sub-selected until a single clone was identified. Many interesting genes have been isolated using this powerful method 15 . Microinjected noggin mRNA was found to induce neural tissue in explants of ectodermal cells 16 . It was subsequently found that follistatin, yet another secreted molecule that is specific to Spemann's organizer, was also a neural inducer 17 
.
Spemann's organizer secretes many antagonists. Many secreted proteins that are specific to Spemann's organizer have been isolated from the African clawed frog gastrula through extensive molecular screens. The expectation was that new growth factors would be identified, but, instead, Spemann's organizer was discovered to signal mainly by secreting a cocktail of bone morphogenic protein (Bmp; these proteins are members of the transforming growth factor (Tgf)β superfamily) and Wnt antagonists 18, 19 . The new components and molecular mechanisms that scientists had hoped to find were discovered in abundance, but the fact that these new components were antagonists of growth factors was a great surprise. Of all the organizer molecules shown in BOX 2, only anti-dorsalizing morphogenic protein (Admp) is a growth factor. Admp is a member of the Bmp family that is expressed in the dorsal organizer 20, 21 . This localization is paradoxical because Bmps, including Admp, induce ventral development and also because Spemann's organizer normally arises in a region of low Bmp signalling (see below).
The ventral-centre factors. The realization is now emerging that a second signalling centre is formed in the ventral side of the gastrula 19 
. At early stages of development, the expression of ventral-centre genes tends to be diffuse and therefore the existence of this signalling centre was overlooked. The ventral-centre region marks the highest levels of signalling by Bmp4 and Bmp7. These growth factors bind to membrane Bmp receptors, which subsequently phosphorylate the end of a transcription factor known as Smad1, causing it to migrate into the nucleus and activate certain subsets of genes. Ventral-centre genes are coordinately activated by high Smad1 activity, and are part of what had been designated earlier as the Bmp4 synexpression group (that is, a group of genes that are coordinately activated during development) 22 .
What is striking is that many components that are expressed in the ventral centre, and that are transcribed when Bmp signals are high, have counterparts in the dorsal centre, in which they are transcribed when Bmp signals are low. So, ventral Bmp4 and Bmp7 are matched dorsally by Admp, and ventral crossveinless-2 (Cv2) and sizzled are matched dorsally by chordin and crescent, respectively. This arrangement, in which proteins of similar biochemical activities are expressed at opposite poles of the embryo, provides a molecular framework for understanding embryonic self-regulation.
Bmp inhibition and neural induction
The demise of Spemann's organizer. One of the properties of the Spemann's organizer experiment that captured the imagination of embryologists was that dorsal-lip mesoderm induced the development of a complete central nervous system (CNS), the most complex and intricate of all organ systems. Spemann distinguished this phenomenon as the 'primary embryonic induction' 1 . Eventually, however, the fixation with neural induction would bring the edifice of experimental embryology down. In 1932, it was discovered that boiled (and, therefore, dead) tissue from Spemann's organizer could induce neural tissue if sandwiched between layers of ectoderm or implanted into the blastula cavity 23 . Identifying the chemical substance that caused neural induction became the Holy Grail and attracted some of the best names in embryology such as J. Needham, C. Waddington, J. Brachet and J. Holtfreter. Many 'heterologous inducers' were found in tissue extracts, in purified fractions such as ribosomes (nucleoproteins), in fatty acids and sterols, and in clearly non-physiological substances such as methylene blue and even sand particles 24 . These discoveries became a funeral march for the field, as researchers realized that ectodermal explants of the salamander (but not the African clawed frog) embryo could be caused to differentiate into neural tissue very easily. The final blow came in the 1940s when Barth and Holtfreter discovered that ectodermal cells of Amblystoma maculatum (a close relative of the axolotl, or Mexican The photograph shows that when a small region of the embryo, the dorsal lip (albino cells in this case), is grafted to the opposite (ventral) side of a host gastrula embryo (see embryo on the left; note that the host's dorsal lip can also be seen), the resulting Xenopus laevis tadpole develops a Siamese twin 3 days later. X. laevis is an African clawed frog that is favoured in modern research because it lays eggs year-round. Hilde Mangold (neé Proescholdt), a graduate student with Hans Spemann at Freiburg University, Germany, used salamander eggs of species that differed in their pigmentation. Because the fate of the transplanted cells could therefore be traced during development, Spemann and Mangold 5 were able to demonstrate that the graft became notochord, yet induced neighbouring cells to change fates. These neighbouring cells adopted differentiation pathways that were more dorsal, and produced tissues such as the central nervous system, somites and kidneys. Note that the transplanted cells 'organize' a perfect dorsal-ventral and anteroposterior pattern in the induced tissues. The Spemann-Mangold experiment firmly established the key importance of cell-cell inductions during animal development. Hilde Proescholdt married embryologist Otto Mangold, had a baby boy, and died tragically a few months later at the age of only 26, just before her landmark paper was published. 25, 26 . This brought an era of research to an end. By the time I was a student in the 1970s, it was common to hear comments such as "Spemann's organizer set developmental biology back by 50 years. "
The revival of Spemann's organizer. Experimental embryology had a renaissance when the endogenous factors from Spemann's organizer were cloned. Surprisingly, it was discovered that the neural induction by chordin, noggin and follistatin could be counteracted by the injection of Bmp4 mRNA 27 . Subsequently, in biochemical assays, these three antagonists were found to bind Bmp4 directly [28] [29] [30] . Antisense morpholino oligos provide a powerful technology that allows the depletion of individual gene products 31 . Using these gene-specific inhibitors, it was found that chordin expression was absolutely required for the inductive activity of organizer transplants, but not for CNS formation in intact embryos 32 . In the mouse (Mus musculus), the knockout of both noggin and chordin is required before defects in forebrain development become apparent 33 . In the African clawed frog, triple knockdown of follistatin, chordin and noggin 34 , or of cerberus, chordin and noggin 35 , caused a catastrophic loss of CNS structures. So, the endogenous cocktail of Bmp antagonists that is secreted by tissue from Spemann's organizer is required for neural induction.
And what about the heterologous neural inducers that had paralysed the field for many decades? Work in the African clawed frog had shown that neural induction could also be obtained by simply dissociating ectodermal cells for a few hours 36, 37 . Recently, it has been discovered that cell dissociation triggers the sustained activation of mitogenactivated protein kinase (Mapk), which, in turn, causes the phosphorylation of Smad1 at sites that inhibit the activity of this transcription factor 38 . In the course of normal development, phosphorylation of Smad1 by Mapk transmits signals from receptor tyrosine kinases such as fibroblast growth factor (Fgf) and insulin-like growth factor (Igf) receptors 39, 40 . Mapk activation counteracts the activating effects of Bmp signalling on Smad1, thereby inhibiting epidermal fate and enhancing neural differentiation. Mapk is activated by many non-specific cellular stimuli -its activation probably explains the effects of heterologous inducers 38 .
Molecular self-regulation Ubiquitous neural induction. Embryonic development has in-built redundancy to ensure that the process is error-free and reproducible from individual to individual. When Bmp2, Bmp4 and Bmp7 were knocked down simultaneously, African clawed frog embryos displayed larger dorsal structures but were found to still retain a significant dorsal-ventral pattern 41 . Surprisingly, in embryos that lacked Spemann's organizer (which were generated using tricks such as irradiating the egg with ultraviolet light or surgically preparing ventral half-embryos) the effects were much greater, with the depletion of Bmp2, Bmp4 and Bmp7 causing massive brain differentiations that lacked a dorsal-ventral pattern.
Box 2 | Proteins secreted by the dorsal and ventral signalling centres in the gastrula
The factors from Spemann's organizer chordin, noggin and follistatin are bone morphogenic protein (Bmp) antagonists, whereas Frzb1, secreted frizzled-related protein-2 (sFrp2), crescent and dickkopf-1 are Wnt antagonists 19 . Cerberus is a multivalent antagonist of Wnt, Bmps and transforming growth factor (Tgf)β-nodal signalling that induces head structures; its discovery led to the realization that head development is induced by anterior endoderm 52, 53 . Most of these secreted antagonists work by binding to growth factors in the extracellular space, thereby preventing them from binding to membrane receptors. Dickkopf-1 works in a different way 54 : it binds to the Wnt transmembrane co-receptor low-density-lipoprotein-receptor-related protein-5/6 (Lrp5/6) and, together with another transmembrane protein that is known as kremen, induces endocytosis of the Wnt co-receptor and depletes it from the cell surface 55 . Anti-dorsalizing morphogenic protein (Admp) is a Bmp-like molecule that is, paradoxically, transcribed in regions where Bmp levels are low.
Chordin, a molecule with a key role in embryonic self-regulation, has an intricate mechanism of action. It contains four cysteine-rich domains that serve as Bmp-binding modules in many extracellular proteins that are involved in Bmp-Tgfβ signalling 18, 19 . Chordin binds both to Bmp and to twisted-gastrulation (Tsg), forming a diffusible ternary complex that cannot bind to Bmp receptors 18, 56 . Bmps are probably bound to Tsg most of the time, so that the overall effect of Tsg in zebrafish (Danio rerio) is to promote Bmp signalling, as shown by loss-of-function experiments 57, 58 . Chordin activity is regulated by tolloids (known as xolloids in the African clawed frog (Xenopus laevis)) -zinc metalloproteinases that have pro-Bmp effects because they cleave chordin at two specific sites -which release Bmp that can then signal through Bmp receptors 43 . Ventral-centre proteins 19 include: first, the growth factors Bmp4 and Bmp7; second, crossveinless-2 (Cv2), a molecule that contains five Bmp-binding modules similar to those of chordin; third, sizzled, a molecule with the structure of an sFrp that functions as a feedback inhibitor of Bmp signalling [46] [47] [48] indirectly by binding to and inhibiting metalloproteinases that degrade the Bmp antagonist chordin 45 ; fourth, bambi (Bmp and activin membrane-bound inhibitor), a natural dominant-negative Bmp receptor that lacks the catalytic intracellular domain 59 ; fifth, xolloid-related (Xlr), a zinc metalloproteinase that cleaves chordin very effectively 43, 44 ; and sixth, Tsg, a protein that binds both to chordin and Bmp This suggested that Spemann's organizer itself was a source of signals that compensated for the loss of Bmps. A main component of this signal was found to be the dorsal Bmp molecule Admp; indeed, the quadruple knockdown of Admp, Bmp2, Bmp4 and Bmp7 caused the entire ectoderm to become CNS tissue and eliminated epidermal-cell differentiation 42 (FIG. 2a-d) . So, when dorsal and ventral Bmp signals are depleted, the self-regulating morphogenetic field collapses and ubiquitous neural induction ensues.
Transplantation of wild-type tissue into these Bmp-depleted embryos showed that both the ventral and dorsal centres can serve as sources of Bmps that diffuse over considerable distances in the embryo and trigger changes in cell differentiation 42 , as shown in FIG. 2e,f . This double gradient of Bmp signals that emanate from opposite poles of the embryo assures the robustness of dorsal-ventral-pattern formation.
Cell-cell communication. FIGURE 3 shows how a network of extracellular proteins regulates embryonic dorsal-ventral patterning. Genes from Spemann's organizer are transcribed when Bmp levels are low, whereas ventral-centre genes require high levels of Bmps for transcription. Self-regulation can be explained by this 'see-saw' of reciprocal transcriptional regulation 42 . As Bmp levels are lowered, transcription of Admp increases dorsally, which leads to compensation because Admp has Bmp-signalling activity. As Bmp-signalling levels increase, Bmp antagonists -such as bambi and sizzled -are transcribed in the ventral centre, where they function as negative-feedback regulators 42 . Although Admp is produced dorsally, it is unable to signal in this location because it binds to chordin. Admp only signals on the ventral side once chordin is cleaved by the xolloid-related (Xlr) metalloproteinase 42, 43 , which is produced by the ventral centre 44 . It has recently been discovered that sizzled antagonizes Bmp signalling by an indirect molecular mechanism: it is a competitive inhibitor of the Xlr metalloproteinase 45 . Although sizzled has the structure of a secreted frizzled-related protein (sFrp, a type of Wnt inhibitor) -and was therefore expected to be a Wnt antagonist -its loss-of-function phenotype in African clawed frog 46 and zebrafish 47, 48 embryos was very similar to that of chordin. The Xlr enzyme has a similar chemical affinity (a dissociation constant (K d ) of ~20 nM) for its substrate chordin and for its inhibitor sizzled 45 . Remarkably, the embryonic dorsalventral pattern is controlled by modulating the relative levels of these two proteins in the extracellular space.
Many organ-forming morphogenetic fields -such as those that are required for limb, lens, eye and heart growth -are formed during animal development 3, 49 , and the reciprocal transcriptional regulation of signalling molecules might provide a general paradigm for understanding how they too self-regulate after experimental perturbations to form normal structures. In the amphibian gastrula, dorsal and ventral signalling centres serve as sources of Bmps and their antagonists. Interestingly, the key step that controls the ongoing conversation between dorsal and ventral cells in the developing embryo is the regulation of the activity of the Xlr metalloproteinase that degrades chordin. Another remarkable characteristic of this network of self-regulating proteins is that it works largely by direct protein-protein inter actions in the extracellular milieu (FIG. 3) .
Future prospects
The field of experimental embryology has a long and distinguished history. For most of the twentieth century, its guiding light was the Spemann's organizer experiment. The discipline hit a snag with the spurious discovery of heterologous inducers, and became dormant for about 40 years, during which time the genetics approach of T. H. Morgan dominated research 50 . The advent of gene cloning has revived experimental embryology. So much so, that we now have a molecular framework for one of the most mysterious problems in developmental biology: how do hundreds (or thousands) of cells in a morphogenetic field communicate to each other their relative positions, so that a perfect identical twin can be formed?
The African clawed frog embryo is a favourable biological model because the three main techniques of experimental biology can be applied to it. First, transplantation of cells to a new environment is possible, which allows their full regulatory potential to be challenged. Second, biochemistry with purified proteins can easily be applied in this system, which allows chemical affinities to be determined and components to be quantified in the embryo. Third, the loss of function of individual genes, which can presently be achieved by nongenetic means, can be applied to many genes simultaneously. The beauty of Spemann's Another avenue that is worth exploring is to use computer modelling to understand, in quantitative terms, how a network of proteins that interact with each other selfregulates. The mathematician Alan Turing proposed in 1952 that the formation of stable patterns during development might arise from an activator and an inhibitor that originate from the same source but that diffuse at different rates 51 . It seems possible that such activator-inhibitor pairs are provided dorsally by Admp-chordin and ventrally by Xrl-sizzled 42, 45 . Understanding how the regulatory circuit shown in FIG. 3a works in detail will challenge systems biology. However, each component can be obtained as a pure recombinant protein, its binding affinities determined, and its gene products specifically depleted in the embryo of the African clawed frog. It appears that the discipline of experimental embryology is not quite dead yet, and that its rich heritage will continue to guide investigations into the molecular mechanisms by which cells communicate with each other for a long time into the future. 
